Commercial harvesting often reduces densities of target species, potentially affecting transmission of parasites within the population. Rates of parasitic infection not only impact the hosts directly, but can result in wider ecosystem effects through influences on host behaviour. Commercial harvesting may therefore have important ecological consequences beyond the direct effects of removal of biomass. Clams (Austrovenus stutchburyi) are commonly infected by trematode parasites (Acanthoparyphium spp. and Curtuteria australis) and have been commercially harvested in Otago, New Zealand, since 1983. To assess the effects of harvesting on the abundance of trematodes in A. stutchburyi, the number of parasites per clam was compared in harvested and unharvested areas. The mean number of parasites per clam was 36% higher at commercially harvested sites, suggesting that harvesting enhances the local transmission of parasites. Harvesters may be able to reduce their influence on parasite infection levels in clam populations by harvesting less intensively and allowing more time between harvests for clam biomass to regenerate. 
commercial fishery is operated by Southern Clams Ltd using a body dredge to manually harvest areas 60 cm wide by 2-3 m long. It is an intensive harvest selecting for shellfish greater than 27 mm and leading to an average reduction in biomass and density of the original stock by 70% and 55%, respectively (Irwin 2004) . Although the reduction in density due to commercial harvesting has been assessed (Irwin 2004 , Kainamu 2010 , the effect of this change in host density on parasite infection has not been investigated.
The infective stages of echinostome trematodesAcanthoparyphium spp. and Curtuteria australis are acquired by the clam A. stutchburyi from the water column through the inhalant water current. These parasites then encyst in the foot of the clam as metacercariae (the juvenile parasite stage) (Martin & Adams 1961,; Allison 1979) , where they remain inactive in a state of hypobiosis (Chappell 1993) . With a heavy parasite infestation, the encysted metacercariae reduce the clam's ability to use its foot to bury into the sediment (Thomas & Poulin 1998; Jensen et al. 1999; Mouritsen 2002) . Individual clams stranded at the surface incur a seven-fold increase in susceptibility to predation by birds (Thomas & Poulin 1998) .
Therefore, while in the clam, the echinostomes positively influence their transmission from the clam to their definitive host, the South Island pied oystercatcher (Haematopus ostralegus) (Allison 1979) . However, it also puts the parasite at risk of not reaching the terminal host, because fish such as the spotty (Notolabrus celidotus) may crop the tip from the foot of the surfaced clam along with any parasites encysted there (Mouritsen & Poulin 2003b) . densities of clams at low-shore sites may indirectly 'compete' for parasites and clear the water of a finite number of cercariae (Mouritsen et al. 2003) . Conversely, parasites may not become depleted from the water column at high-shore sites, where clams are at lower densities (Dobbinson et al. 1989; Mouritsen et al. 2003) . The idea of parasites becoming 'diluted' in areas with high clam density by sharing the number of cercariae in the environment among more potential hosts has been proposed by Leung & Poulin (2007) . This study will test that theory using areas with different clam densities resulting from harvesting pressure.
Objectives
The aim of the current study is to examine spatial variability of parasite accumulation within the clam A. stutchburyi in commercially harvested and unharvested areas. Field sampling provided a 'snapshot' which detailed the spatial fluctuations of parasite infection. Our hypothesis was that clams in harvested areas would have higher numbers of echinostome parasite infections due to a reduced density of hosts. Parasite infection levels in clams from commercially harvested and unharvested areas were compared while accounting for potentially confounding factors, such as clam age and body condition.
Methods

Study site
The study was conducted in November 2014 in three locations in Otago on the south-eastern 
Site selection and environmental characteristics
Paired harvested and unharvested areas with similar environmental conditions were selected at each of the three study locations. Candidate harvest sites were required to have had at least two commercial harvests within the last three years (data provided by Southern Clams Ltd), and an available 'control' site in an adjacent unharvested area. The term 'unharvested' is used to describe an area that has not been subjected to commercial harvesting. Recreational or customary harvesting may have taken place, however any shellfish removal was assumed to be negligible as the study sites were only accessible by boat. Candidate control sites were located as close as possible to the harvested sites, with a minimum distance of 15 m as a buffer zone from a harvested area.
To reduce the confounding effects of environmental gradients, potential study sites were required to be within 0.5 m of mean low water spring (MLWS) tide on the intertidal sand flats, resulting in similar immersion times. This ensured clams at all sites had a comparable time to feed and acquire parasites. Additionally, larger individuals and higher densities of clams at these low shore positions have been hypothesised to cause intraspecific competition for parasites (Mouritsen et al. 2003) . Consequently, at this tidal elevation the effect of reduced clam density due to commercial harvesting on parasite infection may be more pronounced.
Fourteen sites, each including a paired harvested and control area, were randomly selected from a suite of candidate locations; four sites in each of the inner and outer Otago Harbour and six sites in Blueskin Bay (Figure 1 ).
For each study site, their elevation on the sand bank was recorded using a Trimble TSC2 GPS. A theoretical submergence rate was calculated from tidal predictions in the N.Z. Tidal
Almanac. All sites had less than three hours of air exposure during each low tide. To assess substrate homogeneity among sites, three sediment samples were taken from within 5 m of each site using a 50 ml syringe corer to a depth of 5 cm (Fredensborg et al. 2005) . To characterise the sediment, grain size and organic carbon were analysed for each sample. The percentage of organic carbon in the sediment was determined using mass loss on ignition (Mook & Hoskin 1982) . Samples were pre-treated with hydrochloric acid (HCl) to remove . Samples were prepared for analysis using 10% hydrogen peroxide to remove organic matter, and Calgon to disperse the sediment particles (Singer et al. 1988) . Grain size was used as an indicator of current flow, as finer particles settle in areas with slower water movement.
Spatial variability of parasites
At each study site, four 0.25 m 2 quadrats were randomly sampled along a 10 m transect, parallel to the water line at MLWS. Each quadrat was excavated to a depth of 0.1 m using a trowel. Sediment was washed through a 2 mm mesh sieve to retain shellfish. The retained clams were transported to the laboratory.
Clams were held for 24 hours in flowing filtered seawater to allow them to clear sediment from their digestive tract. They were washed and exogenous material removed, dried with a paper towel and weighed to the nearest 0.1 g using a digital balance. Clam density was quantified by counting clams within each sample. To ensure that the subsamples were representative of the various sized clams at each site, clams from each quadrat were sorted from largest to smallest and laid in rows of 10 -20 individuals of decreasing size. A clam was selected from each row until a subsample of 20 clams was reached. If a sample had fewer than 20 clams, the sample was used in its entirety.
For each subsample, the length of each clam shell was measured to the nearest 0.1 mm from umbo to shell edge using digital callipers. Clams were aged by counting the number of growth interruption lines, observed as dark rings on the shell. Ages were recorded as categories of year groups, from age one to age seven. Clams eight years old and above were D r a f t 9 combined into one age group, as ageing clams older than this using visual methods is difficult due to shell erosion. Although it is unclear whether the number of interruption lines identified are directly related to the number of years (McKinnon 1996) , the number of lines correlate strongly with age and hence are useful in the current comparative context (Mouritsen 2002) .
To assess the number of parasites, the foot of each clam was removed, by cutting along the narrow bridge between the gonad and foot base as described in Leung & Poulin (2011) , then mounted on a glass slide and flattened beneath a cover slip (Leung et al. 2010) . Encysted metacercariae within the foot were counted under a dissection microscope. No distinction was made between metacercariae of the two different echinostome taxa, C. australis and Acanthoparyphium spp.. This was because molecular markers are required to distinguish between the two taxa, and it was not deemed to be necessary as they have similar effects on the clam (Babirat et al. 2004 ). Hereafter, the term 'echinostomes' is used to refer to both of these parasite taxa collectively.
The soft tissue of each clam was removed and, along with the foot, oven-dried at 60 o C for 24 hours, then weighed to the nearest 0.001 g to determine the soft-tissue dry-weight (STDW).
To reduce the effect of gonadal variation on body weight, shellfish had been collected within the same week and prior to the spawning period.
Body condition of each clam was calculated using a residual index (Jakob et al. 1996) . The STDW was regressed on clam shell length after the data were transformed to reciprocals to meet the assumptions of regression. The residual distances of individual points from the regression line then served as an indicator of whether the individuals' body condition was above or below that predicted for its length (Cone 1989 
Statistical analyses
All statistical analyses were carried out using the software package R 3.1.2 (R Development Core Team 2014). Variations in site elevation and sediment organic matter content, between harvest and control sites, were analysed using Student's t-tests. Simulation-based model diagnostics were used to determine that a negative binomial error structure with a 'logit' link function was the best model structure for the data (Appendix 3).
All models were constructed for comparison using a manual backwards stepwise selection process. Akaike's Information Criterion with a correction for finite sample sizes (AICc) was 
Results
Site characteristics
All sites were within 0.5 m of MLWS in an area with a 2.1 m tidal range. There was no statistically significant difference in shore elevation between harvested and control areas (Student's t-test, t 42 = 1.27; p = 0.21). There was also no significant difference between organic carbon content of the sediment in harvested and unharvested areas (Student's t-test, t 42 = 0.92; p = 0.36). Sediment grain size between sites was homogeneous with all sites predominantly (> 97%) sand (62.5 -1000 µm).
D r a f t
Spatial variability of parasites in clams
Infected clams were found at all study locations. The percentage of infected individuals ranged from 85% in the inner Otago Harbour to 97% in the outer Otago Harbour and Blueskin Bay. Parasite infection levels at the inner Otago Harbour sites were the lowest, with a mean infection of 13.6 (S.E. = 0.8) metacercariae per clam, whereas mean parasite infection at the outer Otago Harbour and Blueskin Bay sites were 197.2 (S.E. = 7.9) and 140.9 (S.E = 5.4) metacercariae per clam, respectively.
The average densities of shellfish in harvested and unharvested areas were 66.6 and 101.4 individuals per quadrat, respectively. The average biomass (wet weight) of clams in harvested and unharvested areas was 752.3 and 1535.6 g, respectively. The GLMMs revealed that clam density was, on average, 37% lower in harvested areas than in unharvested areas, and that biomass of clams was 52% lower in harvested areas (Table 1 ).
The GLMM with treatment, age and body condition as predictors of parasite infection levels per clam emerged as clearly the best model (i.e. model with lowest AICc value; Table 2 ). All fixed effects had significant influences (p < 0.001) on parasite infection (Table 3) . Harvested areas had 36% more parasites per clam on average than unharvested control areas. In addition, on average the number of parasite infections per clam increased by 61% with each additional year of age, and by 2% per unit of body condition.
Discussion
Commercial harvesting of A. stutchburyi reduced the density and biomass of the clam population, and these harvested populations contained over a third more echinostome D r a f t 13 parasites than comparable unharvested populations. In the current study, we have demonstrated that harvesting influences the number of parasite infections in clams. This may, in turn, affect host behaviour, the surrounding ecological community and the commercial value of the harvested product.
The numbers of echinostome parasites infecting the clam A. stutchburyi were 36% higher in harvested areas than in unharvested areas once age and body condition of clams were accounted for. In unharvested areas, clams occurred at higher densities, which creates an encounter-dilution effect, lowering the chance of parasite infection (Mooring & Hart 1992) .
Following commercial harvest, this encounter-dilution effect is reduced and clams no longer 'compete' for parasites. Therefore, the parasite infection rate of remaining clams is elevated.
Clams with a higher body condition had greater numbers of echinostome parasites. This relationship was similar to the findings of Mouritsen et al. (2003) . Otago Harbour. However, due to the small distance between treatments, the distribution of cercariae was assumed to be homogeneous between harvest and control areas in the present study (Mouritsen et al. 2003) . Small unrecognized gradients such as hydrodynamic conditions could in principle affect the rate at which clams accumulate parasites (Mouritsen 2002) . The abundance of gastropods as first intermediate hosts and definitive avian hosts (oystercatchers) should be quantified in future studies to discern potential drivers of smallscale differences in parasite infection (Studer et al. 2013 ). The macrofaunal community (e.g., If the parasite infection level of individual clams is increased in a harvested area, this may have detrimental effects on the surrounding ecosystem. Greater infections result in shellfish stranded at the sediment surface and unable to bury themselves (Thomas & Poulin 1998; Jensen et al. 1999; Mouritsen 2002) , which can increase their susceptibility to predation (Thomas & Poulin 1998) . As heavily parasitised clams are easier prey for oystercatchers (Haematopus ostralegus), increased parasite infection may result in greater consumption of clams from harvested areas (Norris 1999) . This increased predation in harvested areas may further slow the recovery of an already reduced biomass of clams. In contrast, increased parasite numbers in clams may have some beneficial effects. Once highly parasitised clams are stranded at the surface, they increase habitat heterogeneity (Mouritsen & Poulin 2002) D r a f t and provide substrate for attachment or shelter for epifauna, which in turn can increase the density and diversity of benthic organisms (Thomas & Poulin 1998; Mouritsen & Poulin 2005) . In addition to limiting vertical movement, echinostomes also reduce horizontal movement of surfaced clams (Mouritsen 2002) . Since bioturbation of the surface sediment by clams depresses the density of co-occurring infauna (Whitlatch et al. 1997) , the reduced movement of clams may result in increased abundance of infauna (Mouritsen & Poulin 2002) and an associated increase in predator numbers (Reise 1985) . The resulting enhanced local biodiversity may increase the resilience of the ecosystem to certain changes such as local extinctions or invasions (Mouritsen & Poulin 2002) .
In summary, we found that clams from harvested sites had higher parasite infection levels than clams from adjacent unharvested areas, after accounting for differences in body 
